The Balloon-borne Large Aperture Submillimeter Telescope for Polarimetry (BLASTPol) is a suborbital mapping experiment, designed to study the role played by magnetic fields in the star formation process. BLASTPol observes polarized light using a total power instrument, photolithographic polarizing grids, and an achromatic half-wave plate to modulate the polarization signal. During its second flight from Antarctica in December 2012, BLASTPol made degree scale maps of linearly polarized dust emission from molecular clouds in three wavebands, centered at 250, 350, and 500 µm. The instrumental performance was an improvement over the 2010 BLASTPol flight, with decreased systematics resulting in a higher number of confirmed polarization vectors. The resultant dataset allows BLASTPol to trace magnetic fields in star-forming regions at scales ranging from cores to entire molecular cloud complexes.
. The front and side profile views of the BLASTPol gondola. The cryostat, primary mirror, secondary mirror struts, star cameras, and detector readout electronics are mounted to an inner frame that points in elevation. An asymetric carbon fiber sunshield is also attached to the inner frame and allows the telescope to point within 45 • of the sun in azumith. The 1-m tall Emperor penguin is shown for scale.
INTRODUCTION
The Balloon-borne Large Aperture Submillimeter Telescope for Polarimetry (BLASTPol) 1 is a 1.8-meter Cassegrain telescope with three bolometric arrays operating over 30% bandwidths centered on 250, 350, and 500 µm, which have 139, 88, and 43 bolometric detectors with diffraction limited resolution of 30 , 42 , and 60 , respectively. It was flown on a stratospheric balloon platform as part of NASA's Long Duration Balloon (LDB) program. BLASTPol detects linearly polarized emission from dust with a thermal emission peak in the submillimeter. The instrument flight configuration is show in in Figure 1 .
The detectors were originally developed as part of the SPIRE instrument program for Herschel 2 and were adapted for use on the first BLAST instrument, which was in turn modified to be sensitive to polarization. BLAST 3 has flown twice on LDB missions 45 which generated a legacy of important scientific results. [6] [7] [8] [9] [10] [11] [12] BLAST-Pol has also flown once before from Antarctica in 2010, 13 which proved the viability of mapping polarized dust in the submillimeter and provided the motivation for a second flight in 2012 to observe additional science targets.
In order to make BLAST polarization sensitive, a polarizing grid was placed at the entrance to each feedhorn on all three arrays and a stepped Achromatic Half Wave Plate (AHWP) 14 was added to the optical configuration. The primary science goal of the new instrument, BLASTPol, was to probe polarized dust emission in Galactic star forming regions, in order to detect the local magnetic field orientation as projected on the sky. The polarization angular dispersion can also be used to estimate magnetic field strength when combined with velocity dispersion obtained from the width of molecular emission lines. 15 During the second flight of BLASTPol from Antarctica in 2012 we made degree-scale maps of a number of nearby molecular clouds. We were able to obtain a vast improvement on the number of polarization pseudovectors over the 2010 flight. The 2010 instrumental performance was limited by a melted IR blocking filter that greatly complicated polarization analysis and reduced the resolution to ∼2.5 after smoothing with a Gaussian kernel. 16 A significant portion of the data from 2010 was also rejected due to contamination by intermittent systematic noise, which effectively reduced integration time on the targets. Our preliminary polarization analysis of the 2012 data indicates polarization levels of a few percent, with many of our pseudo-vectors noticeably correlated with molecular cloud structure.
Data from the BLASTPol 2012 flight will allow us to fully explore the potential of this type of instrument to investigate the effects of magnetic field on cloud structure, from large filaments and extended regions into prestellar cores. The flight has delivered on the goals of improving the area, depth, and resolution covered, in comparison with the 2010 flight. The analysis will be able to show the effectiveness of this type of experiment in linking large-scale Planck polarimetry maps to the small scale, but high resolution, polarimetry maps observed with interferometers such as ALMA.
MAGNETIC FIELDS IN STAR-FORMING REGIONS
An important goal of modern astrophysics is to understand the star formation process and especially the factors that regulate the star formation rate (SFR) in molecular clouds and galaxies as a whole. Recent progress includes using observations of dust emission and extinction, which shows how core mass distribution correlates with observed stellar mass distribution. 17 There are also many results from the Herschel data. One example is evidence that filamentary structures are common in molecular clouds and that higher density filaments preferentially break into pre-stellar cores. 18, 19 However, there are many questions concerning the star-formation process and the evolution of cloud structure that remain to be addressed. 20 Examples include whether the lifetimes of molecular clouds and their internal structures are equal 21 to or larger 12, 22, 23 than the turbulent crossing time. To have lifetimes longer than crossing times would require a supporting mechanism to counteract gravity. Magnetic fields could provide such support and numerical simulations have shown magnetic fields in clouds can drastically alter star formation efficiencies and the lifetimes of molecular clouds. 24, 25 However, knowledge of magnetic fields and their interaction with molecular cloud structure is still fairly limited. Zeeman splitting observations have produced measurements of the field strength along the line of sight, but are limited to bright regions, and optical extinction polarization observations have produced a small number of magnetic field pseudo-vectors, but only in areas of low extinction. 26, 27 The most promising method for detecting magnetic fields over large ranges of dust column density is with far-IR and submillimeter polarimetry. [28] [29] [30] Spinning dust grains preferentially anti-align with the local magnetic field and emit modified blackbody radiation with peaks in the 100s of µm range that is polarized orthogonally to the local magnetic field. BLASTPol is the first instrument capable of creating degreescale polarization maps of molecular clouds with sub-arcminute resolution and a mapping speed that has allowed it to cover multiple targets during each flight. BLASTPol data enables direct comparison between polarization maps and numerical simulations 29 and shows early agreement with previous observations of molecular cloud polarization. 30, 31 BLASTPol observations target the following three key questions in star formation (further discussed in Ref. 1): i) Is core morphology and evolution determined by large-scale magnetic fields? ii) Does filamentary structure have a magnetic origin? iii) What is the field strength, and how does it vary from cloud to cloud?
INSTRUMENT
BLASTPol was created by modifying the BLAST instrument, which is described in detail in Refs. 1, 3, 4. The optical layout is described in Figure 2 with the optical component parameters listed in Table 1 . The telescope uses a Ritchey-Chrétien configuration with an aluminum 1.8-m diameter primary mirror attached to a 40-cm aluminum secondary mirror. The secondary mirror is actuated to allow for active focusing during the flight to adjust to the differential thermal contraction of the support structure. The beam is then reimaged by the cold optics (∼1.5 K), which are situated in an Offner relay configuration. The light is then split by two dichroic filters 32 into the science bands at 250, 350, and 500 µm. The focal planes are held within a cryostat cooled by liquid helium and liquid nitrogen, which has a hold time of approximately 13 days. The total field of view (FOV) of each array is 14 x 7 . The arrays are kept at 290 mK by a closed-cycle 3 He fridge. Each pixel is made of a resistance thermal device (RTD) bolometer glued to a silicon-nitride "spider-web" 33 absorptive element, which is coupled to a smooth-walled conical feedhorn 34 spaced at 2f λ .
The primary scanning strategy during flight is a slow raster scan, which works well for extended sources. A typical BLASTPol raster scans across targets in azimuth at a speed of ∼ 0.1 • s −1 with an elevation scan speed calculated to change the elevation by 1/3 the array FOV in one crossing. Part of the characterization of instrumental performance is carried out using near-field mapping of the beam profile with the fully assembled optics system. These tests are performed by placing a chopped liquid nitrogen cooled source 100 m away from the telescope on a stage that can be moved in a plane parallel to the surface of the mirror, in order to sample over the whole array. To enable the telescope to view a near-field source the secondary mirror is offset away from the primary mirror by ∼3 cm using aluminum blocks that are inserted into the mounting point of the secondary mirror to its support struts. Fine tuning of the focus is accomplished with the active focus actuators on the secondary mirror. Due to atmospheric absorption we are only able to effectively determine the beam shape at 500 µm. During the course of the 2010 campaign a noticeable lobe, offset from the primary beam by ∼1 , with ∼30% of the total power was observed during mapping of the primary beam. A detailed analysis prior to the 2012 flight revealed that the weight of the secondary mirror distorting the primary mirror at the strut mounting points on the rim of the mirror. This problem was addressed by shifting the mounting points of the secondary mirror to the telescope support frame structure. A detailed description of the configuration and testing of the instrument for the 2010 and 2012 flights will be given in Angilé et al. (2014, in preparation).
POLARIMETRY
Each detector array has a photolithographed linear polarizer (Figure 3 ) mounted to the front of the feedhorn block. The polarizing grid orientation rotates by 90 • from one pixel to the next along each row. The rows are parallel to the nominal scan direction. This alignment allows for sampling of either a Q or U Stokes parameter on a timescale that is much shorter than the array's common mode 1/f noise, which has a knee at 0.035 mHz. 3 The sampling timescale of the Stokes parameter is ∼0.125 s, which is determined by the detector separation, 45 at 250 µm, and typical scan speed, ∼ 0.1 • s −1 . The field at the end of each feedhorn is approximately Gaussian, which results in very small leakage in polarization between adjacent pixels, estimated to be less than 0.07%. 35 The AHWP is used to modulate the polarization signal, so that each pixel samples I, Q, and U multiple times during the course of a scan. The AHWP used in BLASTPol 14 has a 10-cm diameter aperture and is made from five layers of 500 µm thick sapphire, which are glued together with a 6 µm layer of polyethylene. The outer faces of the AHWP have a metal-mesh anti-reflective (AR) coating. 36 The AHWP is driven by a gear-train connected by a G-10 shaft to a stepper motor mounted on the exterior of the cryostat. The shaft is sealed via a vacuum ferromagnetic feedthrough * . The AHWP is stepped between four set angles (0 We conducted pre-flight ground tests to characterize the polarization properties of the instrument, using a chopped heated source placed directly in front of the receiver window, in order to fill all pixels. In one test the source was unpolarized and the instrumental polarization (IP) signal was observed. The IP was determined to be less than 1% for all three arrays. In a second test we polarized the source with a polarizing grid tilted at 45 • with respect to the incident beam and measured the polarization efficiency (PE) of the system. This was observed to be 80%, 77%, and 85% for the 250, 350, and 500 micron arrays, respectively. Lower PE at shorter wavelengths is expected, due to the especially large spectral range observed 14 and the fact that the instrument was optimized for performance at 500 µm, as motivated by scientific considerations.
FLIGHTS
The [6] [7] [8] [9] [10] [11] [12] and studies of the galaxies that comprise it; and a high resolution map of the Vela C molecular cloud, 12 which reinforced the case for support mechanisms that reduce star formation rates. A proposed mechanism is trapped magnetic field lines that can be observed through polarized dust emission in the submillimeter. BLASTPol was created primarily to investigate this phenomenon and subsequently flew from Antarctica in 2010 and 2012. The first flight produced novel results, 16, 37 despite a large IP caused by a melted IR filter.
The 2012 flight was considerably more successful, producing thousands of pseudo-vectors on a number of important targets, despite hard-drive failures in our star cameras. One camera failed about 6 hours after launch and the second failed after 6 days, which has made the pointing reconstruction for the latter half of the flight challenging. The data from the last 6 days will consequently take longer to process. Our results indicate polarization fractions of a few percent in many regions, significant correlation with cloud structure, and polarization spectra that will serve to constrain dust grain models. A summary of the observed targets is given in Table 2 .
Our observations of magnetic field direction indicate strong agreement with near-IR polarization measurements in the Vela C molecular cloud. We also see alignment between pseudo-vectors in our three observational bands. We expect to see similarly exciting results in the analysis of the other fields we have observed. The success of the 2010 and 2012 missions has led to the development of BLAST-The Next Generation (BLAST-TNG), 38 an entirely new instrument with a larger mirror and kinetic inductance detector (KID) arrays with a planned launch from Antarctica in December 2016. This new instrument will be able to observe many more sources and produce ∼16 times more polarization vectors than BLASTPol.
DATA REDUCTION AND PRELIMINARY RESULTS
The data reduction pipeline is based on the original BLAST analysis methods, along with additional methods developed to analyze polarization in the 2010 BLASTPol data. The pipeline is described in detail in Refs. 3, 9. The first steps in the analysis include masking contaminated data from cosmic rays, glitches, and noise from the Tracking and Data Relay Satellite System (TDRSS) antenna. The TDRSS contamination was recognized early in the flight and only affected a small percentage of the data. After pre-processing, detectors are then corrected for drifts in responsivity, using the signal from a calibrator lamp that is flashed every ∼15 minutes. Common-mode detector response from changes in elevation pointing are also removed, along with other artifacts inherent to the data, at which point the arrays are flat-fielded relative to a chosen pixel, using aperture photometry from one of our calibration targets. IP is determined by examining maps made of the same polarized source at different sky rotations. The IP is then subtracted out and the data are processed by an ideal map maker, which is under development. The map maker produces Stokes I, Q, and U maps from which a polarization pseudo-vector and polarization fraction can be extracted. The direction of the vector is then rotated by 90 • to get the correct orientation of the magnetic field. These data are then analyzed using a variety of simulations and jackknife consistency checks to determine uncertainty levels of the polarization strength and orientation. Pseudo-vectors that do not pass these tests are rejected. This process is described in detail in Ref. 16 . We plan to publish results from the analysis within the next six months.
CONCLUSION
The viability of a balloon-borne telescope to explore the polarization of the submillimeter sky has been shown with the success of the BLASTPol 2012 Antarctic flight in achieving its primary science goals. We have mapped a number of important Galactic targets with an unprecedented combination of resolution and sky coverage. For the first time we have magnetic field maps that span entire molecular cloud structures that will link the full sky polarimetry maps of Planck with the high resolution, small area polarimetry maps, of telescopes such as the SMA and ALMA. This will strongly constrain models of magnetic field and turbulent interaction within magnetic fields as well as constraining dust grain models.
The BLAST and BLASTPol experiments have completed a ∼8 year legacy of important scientific results and advancement of balloon borne telescopes. This has provided a solid foundation for the next generation of instruments. The readout, 39 pointing, 40 and thermal systems 41 that have been advanced during the course of this experiment will continue to see use on a number of other instruments and BLASTPol's success has led directly to the development of the BLAST-TNG project.
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